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Abstract
Aims The objectives of this study were to investigate the
influence of plants on net methane flux from forest and
grassland soils depending on bedrock, temperature, and
plant species, and to determine the abundance of me-
thanogenic and methanotrophic microorganisms.
Methods Lab-scale gas measurements with forest and
grassland soils and different site-specific plants were
performed. Next-generation sequencing was conducted
to characterize the archaeal community structure and the
abundance of methanotrophic bacteria was determined
via quantitative PCR.
Results Forest and grassland soils had a high potential
to consume methane under ambient conditions. Irre-
spective of bedrock and plant species, a highly signifi-
cant influence of temperature was established. The stud-
ied site-specific grassland plants Plantago lanceolata
and Poa pratensis significantly increased methane bal-
ance with varying extent depending on temperature. In
contrast, the studied forest plants Picea abies and espe-
cially Larix decidua significantly boosted methane con-
sumption. The flux measurements pointed to higher net
methane consumption rates on limestone compared to
siliceous bedrock. The proportion of Euryarchaeota -
including methanogens- increased in rhizosphere soil
of grassland plants compared to bulk soil whereas
methanotrophic abundances did not differ between bulk
and rhizosphere soil.
Conclusions Results highlight that the methane fluxes
in uplands soils are altered depending on plant species,
temperature, and vegetation type and emphasize the
need to better resolve the influence of plants on the
methane cycle and the involved microorganisms.
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Introduction
Methane (CH4) is an important greenhouse gas and its
concentration in the atmosphere has increased from
0.7 ppm in pre-industrial times to 1.8 ppm at the mo-
ment (Dlugokencky et al. 1998; Kirschke et al. 2013).
Despite this low concentration, its contribution to cli-
mate warming is approximately 20 %, as the absorption
of infrared radiation is about 20 to 30 times stronger
than of CO2 (Milich 1999; Ottow 2011; Stiehl-Braun
et al. 2011). Most of the methane from natural sources
originates from biological processes due to the activities
of methanogenic Archaea. Methane is the end product
of a sequence of processes that degrade organic carbon
in an O2-limited environment (Megonigal et al. 2004).
Methanogenic activities are restricted to low oxydo-
reduction potential (Eh <200 mV) and coupled to the
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occurrence of specific coenzymes (Ferry 2010). There-
fore, methanogens are usually thought to be sensitive to
O2, and to be only capable of growing and producing
methane under strict anoxic conditions. However, recent
studies revealed that various methanogens, especially
Methanosarcina andMethanocella, can tolerate oxygen
exposure but the underlying processes for this tolerance
are still not well understood (Angel et al. 2011).
The only relevant biological methane sink is the oxi-
dation of methane by methane oxidizing microorganisms.
This process occurs in nearly all aerobic and to a lesser
extent in anaerobic habitats (Knief et al. 2003). The
biological oxidation of methane is mediated by
methanotrophic Bacteria that use CH4 as their main
source of carbon and energy (Knief 2015). Traditionally,
methanotrophs have been divided into Type I and Type II,
belonging to the Gammaproteobacteria and
Alphaproteobacteria, respectively (Hanson and Hanson
1996; Knief 2015). The classification is based on 16S
rRNA phylogeny, carbon assimilation pathways, PLFA
profiles, and the architecture of their intracellular mem-
brane system (Hanson and Hanson 1996; Knief 2015).
Despite the recent discovery of species that do not fit into
this concept (Knief 2015), this traditional classification is
still useful and applied (Urmann et al. 2009). The pmoA
gene encoding for the α-subunit of the particulate meth-
ane mono-oxygenase which is responsible for the initial
conversion of CH4 to methanol is the most frequently
used marker as it can be found in almost all aerobic
methanotrophic Bacteria with exceptions among the
Beijerinckiaceae (Knief 2015; Kolb et al. 2003).
Methanotrophic Bacteria grow by coupling the oxidation
of CH4 to the reduction of O2. They occur ubiquitous in
soils and are responsible for the sink effect of upland soils.
This is not only valid for atmospheric methane thus acting
as a distinct sink for the already existing climate relevant
CH4.More relevant, however, while diffusing through the
soil, 60 to more than 90 % of the methane produced by
methanogens can be oxidized by methanotrophs, by
which the latter prevent methane to be emitted to the
atmosphere (Conrad 2009; Le Mer and Roger 2001).
Soils represent very heterogeneous and complex hab-
itats offering a wide spectrum of micro-niches with
variable properties. Among them, anoxic-niches allow
the growth ofmethanogenicArchaea and the production
of methane although oxygen and water content of up-
land soils seem to be inhibitory (Angel et al. 2012).
Schaufler et al. (2010) reported strong spatial variations
and ‘hot spots’ in emissions of greenhouse gases from
soils, which are caused by the heterogeneous distribu-
tion of methanogens. However, several studies of up-
land soils report at least occasionally emissions of CH4
to the atmosphere which could often be traced back to
changes in soil water content, ammonium concentration,
and land use (Angel et al. 2012; Praeg et al. 2014; Prem
et al. 2014; Schaufler et al. 2010; Wagner et al. 2012).
Regarding land use, Ho et al. (2015) showed that agri-
cultural soils that are generally regarded as weak meth-
ane sinks or even methane sources can be transiently
converted intomethane sinks by nutrient amendments in
the form of residues. Nevertheless, given the right con-
ditions (e.g., temperature and water content) upland
soils can emit CH4 (Angel et al. 2012; Karbin et al.
2015) and they have been reported to quickly switch
from net CH4 uptake to CH4 emission. Therefore, up-
land soils are -based on its enormous area- an important
factor for the global methane cycle (Amaral et al. 1998;
Le Mer and Roger 2001; Maurer et al. 2008; Nazaries
et al. 2013; Wieczorek et al. 2011).
Very little attention has been paid on the investigation
regarding the influence of plants on methane flux of
upland soils. After the controversial discussion, induced
by the proposed capability of plants to produce methane
(Keppler et al. 2006), the importance of plants for the
methane cycle was again restricted to their role as a
transporter. Aerenchyma of wetland plants were consid-
ered to enable methane emissions into the atmosphere as
this tissue acts as a chimney for methane produced in
wetlands. Plant controls on methane fluxes are not lim-
ited to aerenchymatous transport only. Robroek et al.
(2015) found that plant removal from study sites led to
increased methane oxidation and decreased methane
production potentials and showed that changed methane
dynamics can be traced back to changes within the
microbial communities including fungi. Very interesting
results were also achieved in experiments investigating
the impact of plants on C-cycling and methane emis-
sions in soils (Ström et al. 2003) – showing that photo-
synthetic rates influenced the availability of acetate and
thus in return the formation of CH4. However, these
studies were performed with wetland soils and plants
and focused on the impact of photosynthesis. Whilst
knowledge on the drivers of methane cycling is growing
for wetland ecosystems, we are still limited in our un-
derstanding for upland soils. We aim to bridge that
knowledge gap by studying the effect of plants, temper-
ature, and bedrock on methane cycles in upland soils.
Specifically, we address the following hypotheses:
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1) CH4 flux in upland soils is influenced by temper-
ature, bedrock, and plants. 2) Effects of plants on CH4
flux are species-dependent. 3) Plant-specific differences
are also reflected within the community composition of
Archaea and the abundance of methanotrophic Bacteria
in the rhizosphere.
Materials and methods
Sites description and soil sampling
The present study used soils from two forest and two
grassland sites located in the Inn Valley in Northern
Tyrol. Soil sites were chosen to represent soils from
limestone and siliceous bedrock. The forest site on lime-
stone is located in Fritzens (47°309’N, 11°603’E) and the
one on siliceous bedrock in Flaurling Berg (47°278’N,
11°127’E). The grassland sites lie in Mieming
(47°315’N, 11°021’E) in case of limestone and on sili-
ceous bedrock in Volderberg (47°275’N, 11°549’E). Ac-
cording to the world reference base for soil resources
(WRB) cambisol was the soil type on all sites. The sites
cover an annual average temperature of 8.6 °C and an
annual precipitation range of 800–900 mm. Forest sites
are dominated by spruce whereas grassland sites repre-
sent meadows with typical meadow vegetation including
Plantago lanceolata, Poa pratensis, Lolium perenne,
Dactylus glomerata, Ranunculus bulbosa, Taraxacum
officinale, Trifolium pratense and Trifolium repens. Soil
sampling was carried out in August/September 2013.
After removal of the plants, material of the soil’s upper
mineral horizon (at a depth of about 12–20 cm), just
beneath the roots, was collected from at least ten locations
that were subsequently merged into one soil sample. The
soil was transported to the laboratory, immediately sieved
to <4 mm for the pot experiments and lab-scale gas
measurements and <2 mm for physical and chemical
analysis and stored at 4 °C.
Physical and chemical soil properties
Dry mass was determined by drying 10 g of the soil
samples at 105 °C overnight. Soil pH was measured in a
CaCl2 [0.01 M] solution at a soil:solution ratio of 1:2.5 at
room temperature. Soil organic matter was determined by
the loss on ignition method at 430 °C (Schinner et al.
1996). The detection of plant-available ammonium was
determined following an adapted dyeing based on
Berthelot (Kandeler and Gerber 1988) after an extraction
in KCl solution [2 M] (Schinner et al. 1996). Total carbon
and total nitrogen contents of the soils weremeasured on a
CN analyzer (Truspec CHN Macro, Leco, MI, USA)
using oven-dried soil. All physical and chemical soil
properties were carried out in triplicates. Important soil
properties are summarized in Table 1.
Lab-scale gas measurements
For the lab-scale gas measurements, pots with a diam-
eter of 13 cm at the top, 9 cm at the bottom and a height
of 11 cm were used. The pots could be closed with
special plastic hoods that were gas-tight after additional
taping. For the purpose of drainage, each pot first re-
ceived 60 g of polyvinyl chloride pellets. For the lab-
scale gas measurements, soils from grassland and forest
study sites (see sites description) were used. Soils were
sieved through a 4-mm mesh and 550 g were added to
each pot. Grassland soils were seeded with grassland
plants and forest soils were planted with tree seedlings.
For the study of grassland plants, two site-specific
plants, Poa pratensis and Plantago lanceolata, were
grown in the pots from seeds that were obtained from
a local seed distributor (Samen Schwarzenberger, Tyrol,
Austria). Prior to sowing, the seeds were surface steril-
ized by washing in calcium hypochlorite [5 %] for
15min for two times, followed bywashingwith distilled
water for three times. Each pot filled with soil from the
grassland sites was either sown with Plantago
lanceolata or Poa pratensis, 1.5 or 1 g, respectively
(about 250 seeds), in six replicates per soil site and plant
species leading to 24 pots for both sites. Seedlings were
pre-grown in the pots for 5 months at 10–20 °C (night-
day) and 16 h photoperiod before lab-scale gas mea-
surements started. In case of forest soil, two site-specific
trees, Picea abies and Larix decidua, were chosen and
used for the lab-scale gas measurements. For plantation,
2 year old seedlings of both were withdrawn from the
national forest garden (Landesforstgarten Stams, Tyrol,
Austria). Each pot filled with soil from the forest sites
was planted with one seedling of P. abies or L. decidua
in six replicates per soil site and plant species again
leading to 24 pots in total and incubated for 6 months.
Gas analyses
Lab-scale gas measurements were performed under at-
mospheric conditions at 10, 25 and 37 °C. For the
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grassland sites, additionally CH4 enriched conditions
[1 %, v/v] were simulated and gas measurements were
performed at the aforementioned temperatures in three
replicates. Over a time period of several hours, gas
samples were taken through inserted septa at the top of
the plastic hoods and subsequently analyzed onCH4 and
CO2. To determine CH4 flux from soil itself, pots with-
out plant coverage were analyzed in six parallels (three
parallels under methane enriched conditions) as well. In
all approaches, water content was controlled gravimet-
rically and kept constant at in situ conditions by
rewetting with deionized water. CH4 and CO2 concen-
trations were determined using a Shimadzu gas chro-
matograph. The instrument was equipped with a
ShinCarbon TS 100/120 mesh (2 m × 1 mm) column
and a flame ionization detector (FID) with methanizer.
The FID with methanizer was used for determining CO2
and CH4. The injector and column temperatures were
set at 160 °C, the FID at 180 °C and the methanizer at
380 °C. Nitrogen was used as carrier gas.
DNA extraction
DNA extractionwas performedwith bulk and rhizosphere
soil samples from 25 °C. Bulk soil was collected from
pots without plant coverage and rhizosphere soil was
collected by shaking the plants in NaCl [0.9 %] for
10 min. The obtained soil slurry was centrifuged at
10.000 rpm for 20min and the supernatant was discarded.
DNA of bulk and rhizosphere soil was extracted using the
NucleoSpin® Soil Extraction Kit (Macherey-Nagel) ac-
cording to the manufacturer’s protocol (elution volume
50 μl). The quality and quantity of the DNA extractions
were controlled via UV/VIS spectrophotometry with
NanoDrop 2000c™ (PeqLab, Germany) and
QuantiFluor® dsDNA Dye (Promega, Germany).
PCR amplification and next-generation sequencing
PCR amplification was conducted according to Cruaud
et al. (2014) using the PCR Mastermix MyTaq (VWR,
Germany) and 0.25mM(each) primer performing 33 cy-
cles. PCR reactions were performed with ~10 ng of
pooled DNA extracts. Archaea were identified via V5-
V6 hypervariable region of archaeal 16S rDNA apply-
ing the p r imer pa i r : Arch2F GGATTAGA
TACCCSGGTAGTC and Arch2R GYGGGTCT
CGCTCGTTRCC (Cruaud et al. 2014). To allow

















































































































































































































































































































































































196 Plant Soil (2017) 410:193–206
tags (6 nucleotides). Amplicons were sequenced via
next-generation sequencing using the Illumina MiSeq
platform in a 313-bp paired end approach (GATC Bio-
tech, Konstanz, Germany). Bioinformatics were per-
formed with the MOTHUR v.1.35.1 software pipeline
(64 bit executionable) according to Standard Operating
Procedure for MiSeq (Kozich et al. 2013). Stringent
filtering steps including screening and trimming were
performed in order to remove all the ambiguous reads
and sequences longer than 400 bp. After the alignment
of the unique sequences against the SILVA rRNA gene
database, all putative chimeric sequences were detected
and removed by performing the Uchime chimera detec-
tion program (Edgar et al. 2011). The sequencing noise
due to sequencing errors was reduced by pre-clustering
at 3 %. Taxonomic classification was carried out using
the Bayesian classifier implemented in MOTHUR
based on theRibosomalDatabase Project (RDP) classifier
(Cole et al. 2009). Operational taxonomic units (OTUs)
were binned at 97 % identity. The number of sequences
included in the analysis of Archaea was based on the
lowest number of sequences found in all samples. The
sequences obtained in this study have been submitted to
the NCBI Sequence Read Archive (SRA) under the
SRA accession number SRP064407.
Quantitative PCR (qPCR)
Quanti tat ive PCR was conducted using the
SensiFast™ SYBR No-Rox Kit (Bioline, UK) on a
Corbett Life Science Rotor-Gene™Q system
(Qiagen, Netherlands). Methanotrophic Bacteria
were quantified using the primer pair 189f and
mb661r targeting the pmoA gene (Kolb et al. 2003).
qPCR was performed with bulk and rhizosphere soil
in three replicates each. qPCR reactions (20 μl)
contained 10 μl SensiFast™ SYBR No-Rox Kit
(Bioline, UK), 0.2 μM of each primer, 5 mM MgCl2,
0.04 % (v/v) bovine serum albumin, and 2 ng of DNA
template. qPCR was preceded by an initial denatur-
ation step of 5 min at 95 °C, followed by 25 s at
95 °C, 25 s at 63 °C and 20 s at 72 °C. In the run, we
included non-template DNA and non-template con-
trols (UltraPure DNase/RNase Free Distilled Water,
Invitrogen, USA). Pure culture DNA for preparation
of genomic DNA standards and construction of the
calibration curves were extracted fromMethylobacter
tundripaludum (DSM No. 17260).
Statistical data treatment
Statistical analyses regarding gas measurements were
carried out using Statistica 9.0 (StatSoft®). The influ-
ence of temperature on gas fluxes was calculated via
repeated-measures ANOVA. For the calculation of net
CH4 flux rates for all approaches the delta CH4 concen-
tration between start time concentration and concentra-
tion after 24 h was taken into account in order to allow
the comparison of bedrock, vegetation type, tempera-
ture, and plant species. Significant differences were
ascertained by one-way, main effect or multifactorial
ANOVA. A significance level of 0.05 was used to assess
differences between treatments. Fisher’s Least Signifi-
cant Differences Test was used to discriminate between
single variants. Differences between proportions of
OTUs were calculated using z-score test.
Results
CH4 flux at different temperatures with and
without plants
Figure 1 summarizes methane concentrations from all
variants with and without plant coverage and from both
bedrocks resulting in partially great standard deviations.
Irrespective of plant species and vegetation types, a
highly significant influence of temperature on net CH4
concentrations from upland soils under atmospheric
CH4 conditions could be established (***P < 0.001).
In all approaches, CH4 concentration dropped below the
ambient starting point (1.8 ppm). At 25 °C ambient CH4
concentration decreased below detection level (0.1 ppm)
within 48 h, thus, the most pronounced CH4 net con-
sumption was detected at 25 °C followed by 37 and
10 °C (Fig. 1). Notably, with increasing incubation time
at 37 °C a remarkable increase in return from a low CH4
concentration to a mean of 1.2 ppm was detected which
was not the case at 10 and 25 °C (Fig. 1).
CH4 flux rates above forest and grassland soils covered
with and without site-typical plants
Data demonstrate a significant influence of plants com-
pared to uncovered soil and influences of plants on net
CH4 flux were temperature- and site-dependent (Fig. 2,
Table S1 and S2 in supplementary material). Overall,
CH4 fluxes from soils were significantly different
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regarding bedrock with soil from limestone revealing a
more negative methane balance (−263 nmol m−2 h−1)
compared to siliceous bedrock (−209 nmol m−2 h−1)
including data from both vegetation types (grassland
and forest), all plant species, and temperatures
(***P < 0.001). Furthermore, CH4 flux rates without
plant coverage showed a distinct more negative CH4
balance (−140 nmol m−2 h−1) in case of forest soils than
in case of grasslands (± 0 nmol m−2 h−1) at 10 °C, which
confirms our in-situ fluxmeasurements performed on an
average temperature of 13 °C (data not shown). Regard-
ing flux measurements on grassland sites, CH4 balances
were more negative with increasing temperature al-
though the difference between 25 and 37 °C was not
significant. Incubation temperature had also a distinct
impact on the way plants affected CH4 flux rates
(Table S1, supplementary material). In case of grassland
sites at 10 °C, no significant impact of plants on CH4
balance could be detected (Fig. 2a). Both plant species,
P. lanceolata and P. pratensis, increased the capacity of
grassland soils to consume CH4 albeit not significantly.
Contrary, at 25 °C grassland sites revealed that plants
had a significant influence on net CH4 fluxes compared
to uncovered soil (Fig. 2b) and that there was a signif-
icant difference between the investigated plant species.
In both cases plants attenuated the consumption perfor-
mance of grassland soils and especially P. pratensis
increased the net CH4 balance of grassland soils tremen-
dously from a mean negative methane balance of
−406 nmol m−2 h−1 in case of uncovered soil to
−150 nmol m−2 h−1. P. lanceolata also significantly
increased net CH4 balance -although to a lesser extent.
Thus, results show that at 25 °C uncovered grassland
soil revealed the greatest potential to oxidize and/or the
lowest capacity to produce CH4. At 37 °Cmean net CH4
balance within 24 h was very low (−408 nmol m−2 h−1)
above the uncovered soil which is very similar to the
balance determined at 25 °C (Fig. 2c). At 37 °C plant
coverage again showed a significant influence on net
CH4 balances with significant different impacts depend-
ing on plant species. Again, in case of P. pratensismean
net CH4 balance was increased but in case of
P. lanceolata mean net CH4 balance was decreased in
comparison to soil without plant coverage (Fig. 2c).
Overall, net CH4 balances above grassland soils were
significantly lower with increasing temperature.
Above forest soils temperature had a significant in-
fluence on CH4 fluxes as well although overall the
consumption rates were less pronounced compared to
that determined in grassland soils and reached most
negative CH4 balances at 25 °C (Fig. 2d-f, Table S2 in
supplementary material). Our data proved a clear influ-
ence of temperature on net CH4 flux and revealed clear
differences between covered and uncovered soil, espe-
cially at 10 and 37 °C. At 10 °C L. decidua significantly
increased consumption rates compared to uncovered
soil (Fig. 2d). CH4 flux from uncovered soils was
−125 nmol m−2 h−1 and decreased by nearly 2.5 times
mediated by L. decidua and reached therefore
−285 nmol m−2 h−1. P. abies triggered the net consump-
tion of CH4 as well but to a much lesser extent (Fig. 2d).






















Fig. 1 Methane depletion [ppm]
above soil at 10, 25 and 37 °C.
Symbols show means
(n = 72) ± standard deviations of
all experiments, with and without
plants, and on different bedrock
types
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both, uncovered soil and planted soils and between the
investigated plant species were not significant (Fig. 2e).
In contrast, differences in net CH4 balances were signif-
icant again at 37 °C and at this temperature both tree
















































































































































Fig. 2 Methane flux rates [nmol m−2 h−1] above grassland soil
with and without P. pratensis or P. lanceolata (left panel) and
forest soil with and without P. abies or L. decidua (right panel) at
(a,d) 10 °C, (b,e) 25 °C and (c,f) 37 °C including data from both
bedrock types. The boxes show means ± SE (n = 12), the spreads
depict SD. Significant differences (P < 0.05) between groups are
indicated by different letters
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species significantly decreased net CH4 balances by a
factor of 2 to 2.5 (Fig. 2f). As for grassland soils, again
temperature had a significant influence on the way
plants affected CH4 fluxes (Table S2, supplementary
material). In general and summarizing all data including
all temperatures and both bedrock types, the impact of
plants on CH4 fluxes compared to uncovered soils dis-
tinctly differed depending on vegetation type (Fig. 3).
The two forest trees studied in this investigation in-
creased the consumption capacity of forest soils leading
to a decreased CH4 balance compared to pure soil
(−55 nmol m−2 h−1) while grassland plants increased
CH4 ba lance compared to uncove red so i l
(+54 nmol m−2 h−1) (Fig. 3).
CH4 flux rates above grassland soils under CH4
enriched conditions
Under CH4 enriched conditions, temperature signifi-
c an t l y i n f l uenced ne t CH4 measu r emen t s
(***P < 0.001) and so the effect of temperature was
similar to that determined with CH4 fluxes under ambi-
ent CH4 concentrations. In all approaches, net CH4
fluxes were negative and most negative CH4 balances
were reached at 25 °C, followed by 37 and 10 °C. At
10 °C little changes in the enriched CH4 concentrations
were measured and no significant influence of plant
coverage was detected. At 37 °C CH4 flux was more
negative compared to 10 °C and again plants did not
significantly influence CH4 flux rates. But similar to
measurements at ambient CH4 concentrations, plant
coverage significantly reduced the consumption capac-
ity of grassland soils at 25 °C compared to uncovered
soil (*P < 0.05) but the species-specific difference could
not be discerned anymore (Fig. S1, supplementary
material). Furthermore, bedrock type did not influence




Unfortunately, DNA extraction and amplification of
rhizosphere samples of tree seedlings did not lead to
reliable results and were thus omitted. In case of grass-
land plants a total of 765,753 sequences reads for Ar-
chaea were obtained from Illumina sequencing. After
initial quality processing and denoizing, 26,030 archaeal
sequences were included in OTU analysis. Of these
sequences, 68.61 % could be classified into the
Euryarchaeota phylum while 12.78 % belonged to
Crenarchaeota and Thaumarchaeota and 18.61 % were
assigned as unclassified Archaea. Crenarchaeota and
Thaumarchaeota were combined to the lately suggested
superphylum Proteoarchaeota (Petitjean et al. 2014)
including Diapherotrites and Pacearchaeota in this case
as well. OTU assignment at 97 % identity level resulted
in 2478OTUs. For downstream analysis and to compare
archaeal community structure in bulk and rhizosphere



































 Non-Outlier Range 
Fig. 3 Delta methane flux rates
[nmol m−2 h−1] between
covered and uncovered soil
showing the sole effect of plants
depending on vegetation type
including data from all
temperatures and both bedrock
types with n = 72 for each
vegetation type
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sample were reduced to 1409 reads which was the
smallest number of sequences in any of the six samples.
Coverage values between 0.86 and 0.90 were obtained,
indicating between 86 and 90 % species detection rates.
OTUs representing less than 0.10 % of the relative
abundance were clustered as were OTUs at the same
genus level. Archaeal community analysis revealed
clear differences within the community composition of
the investigated soils (Fig. 4). Differences within the
archaeal community were primarily caused by the two
different soil sites, followed by the influence of the
plants. Plant species led to different archaeal community
shifts within the respective rhizospheres, with distinctly
greater changes on siliceous bedrock. NGS showed a
dominance of Methanosarcina sp. on silicate and
Methanosaeta sp. on limestone. The proportion of
Euryarchaeota increased within the rhizosphere soil of
the plants whereas Proteoarchaeota decreased. On sili-
cate bedrock, Methanosarcina sp., Methanosaeta sp.,
Methanobacterium sp., and Methanoculleus sp. signifi-
cantly increased within the rhizosphere fraction of the
two investigated grasses compared to bulk soil whereas
the proportion of unclassified Proteoarchaeota distinctly
dec r ea s ed . The inc r ea s e in abundance o f
Methanosarcina sp. was significantly more pronounced
in the rhizosphere of P. lanceolata. On limestone
Methanobacterium sp. became significantly and
Methanosaeta sp. became slightly (p = 0.052) more
dominant in the rhizosphere of the investigated grass-
land plants than in bulk soils.
Abundance of methanotrophs in grassland soils
In the current study, qPCR was used to quantify the
methanotrophic pmoA gene copies in bulk and rhizo-
sphere soil samples of the grassland study sites. Only a
small variation in pmoA gene copy numbers was found
in the studied grassland soil samples, ranging from
3.87x107 and 1.61x108 copies per gram dry soil. Thus,
no significant difference in methanotrophic abundances
was found between soils from bulk and rhizosphere,
irrespective of plant species and bedrock type.
Discussion
In this study, we examined the impact of (1) tempera-
ture, (2) bedrock, (3) vegetation type, and (4) plants on
net methane flux of upland soils. Our results showed
that soils, regardless of vegetation type, were a net sink
for CH4, but under certain conditions CH4 production
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Fig. 4 Relative abundance [%] of archaeal OTUs classified on
genus level within bulk and rhizosphere soil of P. pratensis or P.
lanceolata on silicate and limestone bedrock analyzed via MiSeq
Illumina sequencing. OTUs <0.10 % were summarized and OTUs
not classifiable on genus level were combined according to the
taxon level specified. OTUs accounting for more than 5 % in at
least one sample are underlined
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capacity of soils varied according to temperature and
plant coverage. In the context of changing climate con-
ditions, possible impacts of temperature increase are
intensively discussed (Gobiet et al. 2014; Thornton
et al. 2014). In relation to the global relevance of the
greenhouse gas methane an important question is
whether and how CH4 dynamics in soils are influenced
by abiotic and biotic parameters, e.g., warming and land
use (Bodelier and Steenbergh 2014; Tate 2015). Due to
the huge area of upland soils, even very low methane
flux rates will become relevant and detailed information
about the influence of plants on methane fluxes could
contribute to future climate models.
In our study, temperature had a significant effect
on net methane balance above grassland soils leading to
considerable consumption rates while the effect was less
pronounced above forest soils. In case of grassland soils,
net methane balances were more negative at increasing
temperature, regardless of plant species and bedrock
which might be caused by the fact that grassland soils
are generally faced with higher temperature fluctuations
compared to forest soils. Of course, the highest of the
three temperatures tested (i.e. 37 °C) within the present
investigation does not represent standard soil temperatures
but might be possible in soils under certain conditions as
especially the upper soil layers easily heat up in summer
and can reach high temperatures (Song et al. 2013). A
further idea behind applying higher temperatures was to
reach a temperature range more suitable for methanogens
(Le Mer and Roger 2001) and -in combination with
psychrophilic and mesophilic temperatures- to investigate
quite great temperature steps which should indicate the
direction of temperature caused effects.
In all approaches, methane concentrations dropped
below its initial value and increasing temperature addi-
tionally increased the consumption of ambient methane
which on the first glimpse suggests that increasing tem-
peratures might even attenuate CH4 efflux. Abundance
and activity of methanogens and methanotrophs are
known to be controlled by temperature, as well as other
edaphic factors, such as soil moisture, pH, ammonium,
organic matter, and vegetation types (Dunfield 2007;
Kolb 2009; Le Mer and Roger 2001; Mohanty et al.
2007). While both types of microorganisms show growth
over a wide temperature range, methanogens have a tem-
perature optimum at higher temperatures (>30 °C) and
low soil temperatures reduce CH4 production (LeMer and
Roger 2001). Low soil temperatures reduce CH4 produc-
tion by decreasing the activity methanogens itself and
additionally the associated microorganisms engaged in
producing substrates for methanogens (Le Mer and
Roger 2001). In contrast, most methanotrophs are neutro-
philic and mesophilic, but psychrophilic, mesophilic and
thermophilic species have been described as well
(Nazaries et al. 2013; Op den Camp et al. 2009;
Trotsenko and Khmelenina 2005). Comparable little
changes in methane concentrations at 10 °C over time
may be related to decreased overall metabolic activity and
limited soil-borne methane availability might additionally
reduce methanotrophic activities. At 25 °C metabolic
activities increased and led to a sharp decrease of methane
concentrations within several hours. Soil methane uptake
rates increase with increasing soil temperature due to
temperature-dependent enzymatic processes (Butterbach-
Bahl and Papen 2002; Luo et al. 2013; Steinkamp et al.
2001). However, the response of soil methane oxidation
to temperature is not only controlled by enzyme-based
activity but also by the transport of methane in the gas
phase and the exchange with soil water (King and
Adamsen 1992). Sensitivity of soil methane consumption
to temperature reflects a combination of microbial activ-
ities, population densities of methanotrophs, gas-phase
methane concentrations, and soil water content (Henckel
et al. 2000; King and Adamsen 1992). Previous studies
showed that temperature effects on methane oxidation
may be more pronounced at lower temperatures <15 °C
(Steinkamp et al. 2001). This might explain why methane
exchange rates are only slightly increased at 37 °C com-
pared to 25 °C. It is important to keep in mind that using
this method we were not able to separate methanogenesis
and methane oxidation and thus, the methane flux ob-
served has to be considered as a difference between
production and consumption. Due to general increased
metabolic activities, oxygen consumption increases as
well and probably enhances anaerobic micro-niches with-
in soils. Thus, although the gas solubility within soil water
decreases with increasing temperature, increased
methanogenesis might substitute the loss and lead to an
increased methane exchange in the end. Due to long
generation times of methanogens and/or increased turn-
over in the microbial communities, the activity of
methanogens started again to increase after a rather long
lag period (Fig. 1), however, this secondarily increased
CH4 production at high temperatures clearly points to the
correlation between CH4 efflux and temperature.
In our lab-scale flux measurements we could show
that methane balances of uncovered soils were distinctly
more negative on grassland than on forest sites. Soil
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moisture was repeatedly shown to be an important factor
influencing methane uptake rates of upland soils (Luo
et al. 2013; Schaufler et al. 2010). The study sites in this
investigation had quite comparable soil moisture con-
tents and thus the differences in net methane balances
could not be traced back to this impact. Further, it seems
natural to consider higher pH values within grassland
soils to be responsible for higher methane uptake rates
as the overall metabolic activity is increased on grass-
land sites. Indeed, pH is a governing factor for the
distribution of methanotrophic communities and co-
influences their life strategies enabling subgroups of
methanotrophs to predominate under different condi-
tions (Ho et al. 2013). Contrary to this, another recent
investigation described that soil pH does not seem to be
strong controller of CH4 oxidation since comparable
methanotrophic activities were found over broad range
of pH values (Kolb 2009; Nazaries et al. 2013) pointing
out the necessity of further studies investigating the
effects of pH on CH4 oxidation. However, also an
inhibition of methanogens has to be considered as meth-
ane fluxes give the difference between CH4 consump-
tion and production. Most known methanogens grow
optimally at near-neutral pH (Le Mer and Roger 2001;
Mutschlechner et al. 2015) which would suggest a mal-
function of methanogenesis in our studied forest soils
but Schleper et al. (2005) showed that Euryarchaeota
have a strong ability to adapt to low-pH stress, albeit
diversity might be reduced (Hu et al. 2013).
The impact of plants on net methane fluxes was
different depending on temperature, vegetation type,
plant species, and bedrock. Whereas in case of grass-
lands and including all experiments, net methane flux
rates were most negative without vegetation, forest
soils’ net flux rates were lower when covered with
plants. Our study pointed out that grassland plants were
able to increase CH4 balance compared to uncovered
soil whereas forest trees decreased CH4 balance (Fig. 3,
Table 2). Especially pots with L. decidua did signifi-
cantly increase the oxidation capacity and/or reduced
methanogenesis in forest soils. Karbin et al. (2015) also
showed that forest soils under L. decidua had a higher
CH4 oxidation capacity compared with other trees
(Pinus uncinata). In their study, they suggested that this
effect may be due to less-terpene containing needles
compared to Pinus needles as terpenes are known to
inhibit the activity of methanotrophic Bacteria (Amaral
et al. 1998; Karbin et al. 2015). In our case we cannot
trace this effect back to litter as the soils used for our lab-
scale gas measurements did not contain any needles.We
suggest that it is more likely that the species effect may
be caused by plant physiology or by composition, qual-
ity and quantity of root exudates and detritus which
could have in return influenced the abundance and
activity of both, methanotrophic and methanogenic mi-
croorganisms. Several tracer studies have shown that
photosynthesis of plants and methanogenesis might be
tightly coupled (King and Reeburgh 2002; Megonigal
et al. 2004; Ström et al. 2005) thus pointing to the
importance of root exudates. In a study by Ström et al.
(2003) it was shown that photosynthetic rates influenced
the availability of acetate and thus in return the forma-
tion of CH4. These results originate from investigations
about wetland plants but it is reasonable that similar
relationships do exist in well-aerated soils as well.
Lab-scale gas measurements were repeated for grass-
land sites under methane enriched conditions (1 % v/v).
The rationale of applying higher methane concentra-
tions is that in previous studies it was shown that meth-
ane production potentials reached up to 1 % CH4
(Hofmann et al. 2016; Praeg et al. 2014; Wagner et al.
2012). Thus, it was of our interest to study whether the
influences of temperature, plants, and bedrock type on
net methane balance are changed or remain under ele-
vated methane concentrations. It was shown that under
methane enriched conditions again temperature was a
crucial parameter that significantly influenced net meth-
ane balances reaching the most negative mean methane
balance at 25 °C. Results were similar to those derived
under ambient CH4 concentrations and showed that high
CH4 concentrations which might be present in anaerobic
microhabitats of soils led to comparable, yet not identi-
cal results. Under ambient methane concentration grass-
land plant species differed in how they influenced CH4
flux. This species-related difference was not observed
any longer under methane enriched conditions. Thus,
Table 2 Average and rounded alterations of CH4 flux rates
[nmol m−2 h−1] through plant species compared to the respective
uncovered soil. Data include all temperatures and both bedrock
types with n = 36 for each plant species
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the importance of plant species for CH4 flux in arable
soils might decrease with increased CH4 concentration.
One special issue of our investigation was to outline the
influence of plants on CH4 flux. Although causal interre-
lationships between plants and microorganisms engaged in
CH4 cycle are not clear so far, our results point to possibil-
ities of counteracting CH4 emissions through different
plant species and land use systems. Overall, temperature
was a central factor that influenced methane fluxes signif-
icantly and altered the effect of plants. The lack of consis-
tency in these findings that some species increased the
consumption potential while others led to a decrease and
the combination with varying effects of temperature em-
phasizes the importance of vegetation type and plant spe-
cies for CH4 emission from well-aerated soils.
Restults of IlluminaMiSeq sequencing of the archae-
al 16S rRNA genes revealed that archaeal community
structure differed between the two investigated grass-
land sites. Samples from soil roots of tree species did not
lead to reliable results, possibly because too less soil
adhered to the roots, and data were thus omitted and the
following description of archaeal community composi-
tion refers to grassland roots only. Our data demonstrat-
ed a difference between the sites and also between bulk
soil and rhizosphere soil of the investigated grassland
plants. Archaeal community structure within the rhizo-
sphere was shifted to a higher abundance of
Euryarchaeota while the proportion of Proteoarchaeota
decreased. This rhizosphere effect was more pro-
nounced on siliceous bedrock than on limestone. Con-
sequently, the effect of soil dominates on limestone
while the influence of the fractions prevailed on soil
from silicate bedrock. As the changes within the abun-
dances of Archaea in fractions and sites do not give any
information about the activity, the interpretation in com-
bination with the gas measurement results is hardly
possible. Nevertheless, the higher proportion of
methane-producing Euryarchaeota corresponds with
the significant higher methane balance at 25 °C of soils
covered with P. lanceolata or P. pratensis compared to
uncovered soil. qPCR results indicated that regardless of
bedrock type, plant species, and soil fraction the abun-
dance of methanotrophic microorganisms was similar in
all grassland samples. Our results show that
methanotrophic bacteria are important members of the
soil community, present in numbers of about 107 to 108
pmoA gene copies per gram dry weight of soil. The
measured abundance is comparable to population sizes
of methanotrophs found in other upland soils ranging
from 105 to 107 cells per gram dry weight of soil
(Willison et al. 1997; Horz et al. 2002). qPCR results
and the measured methane fluxes emphasize that
methanotrophs are apparently of ecological relevance
concerning CH4 uptake. We hypothesize that the differ-
ent net-methane balances could thus either be traced
back to the abundance and activity of methanogens
and/or different cell-specific methanotrophic activities.
So far, the influence of different plants on methane
fluxes out of well-aerated soils at different temperatures
has not been studied in detail and thus knowledge is
really limited. In summary, we could show a distinct
impact of plants on CH4 flux and also that this influence
cannot be attributed to a single driver. Generally the
multifactorial analyses revealed a great complexity of
CH4 cycle and the difficulty to pinpoint a general valid
relationship between CH4 flux and abiotic and biotic
influencing parameters. Results highlight that CH4 cycle
is altered depending on plant species, vegetation type,
and temperature. Our data give a first insight in
how (i) plants alter methane flux of upland soils,
(ii) possible temperature changes in these environ-
ments might influence CH4 flux depending on veg-
etation type and (iii) archaeal community structure
differs between bulk and rhizosphere soil and be-
tween two species of grassland plants. We propose
that plant-induced changes in root exudates may be
responsible for the different effects of plants on
CH4 flux rates of well-aerated soils as previously
shown for wetlands (Ström et al. 2003; Ström et al.
2012). Overall, the study is a step towards deter-
mining the influence of plants on methane flux of
well-aerated soils and emphasizes - in the context of the
global relevance of the greenhouse gas methane - the
need to better resolve impacts of abiotic and biotic
parameters on methane cycle in upland soils.
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